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is preceded by an IFTU for appropriate course 
correction. After the 3& stage bum, the kill vehicle's 
axial velocity is fixed. For our example, we assumed 
a burnout velocity of 4.5 W s ,  a bumout time of 8Os, 
and a bunaout altitude of about 100 lan, The kiH 
vehicle then coasts until target acquisition. k target is 
successfully acquired if it appears within the narrow 
field of view of the KV seeker which has been 
pointing toward the PIP. The endgame, lasting 
approximately 5 to 10 seconds, allows the KV to 
home to a target using it's divert engine. Note in the 
figure the KV reachability envelope (in altitude 
versus ground range) is described by a set of flyout 
curves marked by a constant time profile (in minutes) 
and at every 2" pitch over angle. 

The ICBM target, launched at I20 km 
downnuage, is also shown with stage bumout time 
marked in minutes in the trajectory profile. W e  
assumed intercept occurs at the 4 minute mark, just 
prior to deployment of the re-entry vehide and 
decoys. Now comparing the the flyout time for the 

one can deduce that there is less than one minute of 
launch delay. The intercept basket is defined by dye 
blue cone. On the other hand, a KV with an ADACS 
such as the ATKV, the intercept basket is 
significantly larger. With a longer range and wider 
field of view acquisition sensor, the ATKV can burn 
axially to effectively increase the bumout velocity, 
resulting in a larger reachability basket. Thus the 
ATKV can reach the target before burnout at the 3 
minute mark with about 30s of launch &lay. We 
assumed that the ATKV can add more than 2 lun/s of 
axial velocity or an equivalent Vbo of 6.5 km/s. 

interceptor (3 minutes) and the target (4 minutes )b 

Fig. 1 A flexible axiddivert propulsion system expaad4 
the intercept battle space. 
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function as shown in Eq. (1) and seek its minimtun, 
The first term is minimized at zero effort d the 
second term is minimized with increasing intercept 
depth as shown in Fig. 5.  The choice of the weighted 
coefficients affects the optimal solution. 

J(o,, a-)=a AV= +z P 
tbk 

Fig. 5 Deterministic mathematical forrn&tbu ctf t-&v 
guidance law showing optimal fbbo choices for differart 
set of coefficients 

Let Av be the optimal solution, and let tgo be the 
time-to-go computed using Eq. (9, the acceEdmt 
vector command is then given by: 

ZEM 
a =  7 (2)' - _  - - -  

< - 
_ I  -. t; e m  4 .  7 -  r-- 

where ZEM, the zero effort miss vector, is related to 
Av as: 

6DoF Simulation of a Sea-based BPI 
Mission using the t-Av Guidance Law 

In order to demonstrate the applicability of the t- 
Av guidance law, we conducted 6DoF BPI simulasion 
studies. Example of a successlid intercept scenario is 
shown in Fig. 6. The target is an ICBM class missile 
launched at 950k.m down range with a burnout time 
of 195s and a burnout altitude of 270 lun. An ATKV 
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Dealing with Uncertainty in Target 
Parameters 

Thus far we have assumed perfect knowledge of 
the target trajectory and its burnout time to 
demonstrate the feasibility of the t-Av gwidame bw. 
In this section we first show that the t-Av gdazrce 
law can be gracefully degraded to ZEM gGlidance 
when no apriori knowledge of the target is assumed. 
Second we will demonstrate how the guidance law 
can be reformulated taking into account of the 
imprecise knowledge of the target parameters. 

compute tgo using range divided by closing velmity 
and use the relation in Eq. (3), then Eq. (1) recruCes to 
Eq. (2), which defines the ZEM guidame law. 

Now for the uncertainty panmeter case, let’s 
assume the target burnout time can be described by a 
probability density function (pdf), say Guassim with 
prescribed mean and standard deviation. Therefore 
for a given tbbo (a deterministic parameter), the 
location of the target is simply given by the same pdf 
but shifted down by tbbo seconds as shown in Fig. 
10. Now suppose at time t, the interceptm and the 
target are located at positions shown in Fig, 10. For a 
given tgo, one can compute the predicted position of 
both the interceptor and the target with the 
appropriate uncertainty ellipses. The predicted miss 
distance vector (or zero effort miss) Pi(tg0)-ptctgo) is 
also random with known statistics. Therefore we can 
rewrite Eq. (1) as: 

In Eq. (l), if we choose a = l/zerp5 f%O, 

J(u) = a 

Where 

t go =t,- t , - t  

: bo = Gauss(fb 0; ) 

Since the cost fhmtian involves the square of the 
rasio dtwa &#m v e a l = ,  the resulting 
prd%bility demsity functisn can be shwvn to be 
r e l d  to the Cauchy d.istn’busion [4]. h e  the pdf of 
J(a] is 
mmmuatim ai shown m Eq. (6). The result@ pdf 
is quite complex A much simpler and usefurl 

me can piweed tu any out the . .  . 

qqxo-tim can be found as follows: 

and we seek the optimal solution taat derives from 

where the operator E[ 3 represents the expected vakue. 
We are seeking a solution for the acceleration 
command that yields the minimum value of Ltv usage 
for a maximum tbbo or intercept depth;. 

Let flpmdQm vaiables X and Y represent the predicted 
miss d i s w e  and tgo respectively, we can then 
tewrite Eq. (4) as: 

3 a A W 2  (l+Xy(1-2y+3y2 -...) +z B 
- -  tblm 

w l t e r e x , Y a t e ~ ~ a w c E x , y r u e ~  
corresponding zero mean m d m  varkbks. Note Chat 
both x and y are very much less thm 1 since 
uncertainty in the miss or tgo is significantly less than 
the mean. Asguming the random variables are 
statistidy indepenbt, we can take the expectation 
of Eq. (7) and obtain the desired result in Eq. (8). 
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rim~y we found that it is advantageous to apply 
the t-Av guidance law as soon as possible and 
preferably at as early as interceptor missile launch. 
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